Expression of the tryptophanase (tna) operon in Escherichia coli is regulated by catabolite repression and transcription attenuation. Expression is induced by the presence of elevated levels of tryptophan in a growth medium devoid of a catabolite-repressing carbon source. Induction requires the translation of a 24-residue coding region, tnaC, located in the 319-nucleotide transcribed leader region preceding tnaA, the structural gene for tryptophanase. Multicopy plasmids carrying the tnaC leader region were found to inhibit induction of the chromosomal tna operon. Mutational studies established that this inhibition was not due to inhibited transcription initiation, translation initiation, tryptophan transport, or enzyme activity. Rather, multicopy tnaC plasmids inhibited induction by preventing tryptophan-induced transcription antitermination in the leader region of the tna operon. Translation of the single Trp codon in tnaC of the multicopy plasmids was shown to be essential for this inhibition. We hypothesize that translation of the Trp codon of the leader peptide titrates out a trans-acting factor that is essential for tryptophan-induced antitermination in the chromosomal tna operon. We postulate that this factor is an altered form of tRNATIP.
Tryptophanase (Tnase) is an enzyme that is produced by many bacterial species and that degrades tryptophan to indole, pyruvate, and ammonia (28) . This 13-elimination reaction is reversible: Tnase can synthesize L-tryptophan from indole, pyruvate, and ammonia (27) or from indole and L-serine (18) . Tnase allows bacteria to utilize tryptophan as a sole carbon source (19) . The tna operon of Escherichia coli has been cloned and sequenced (10) and found to contain two major structural genes, tnaA and tnaB. The promoterproximal gene, tnaA, encodes Tnase, while tnaB encodes a low-affinity, high-capacity tryptophan permease (30) . The tna transcription initiation site lies 319 nucleotides upstream of the tnaA start codon. This transcribed leader region, referred to as tnaL, contains a short coding region, tnaC, specifying a 24-residue leader peptide (24) . Initiation of transcription at the tna promoter is constitutive, regulated only by the cyclic AMP-catabolite activator protein (CAP) complex (2, 5) at a characteristic CAP site located immediately proximal to the tna promoter (24) . Transcription of tnaA and tnaB of the tna operon is induced by tryptophan. Although the precise mechanism of tryptophan induction is not known, it has been shown that induction occurs by transcription antitermination at one or more Rho factordependent termination sites located beyond tnaC in the transcribed leader region (24) . cis-acting constitutive mutants that synthesize large amounts of Tnase in the absence of an inducer have been isolated (24) . Most of these mutants have single base-pair changes in the distal portion of tnaC, in a sequence of 9 nucleotides that shows strong homology to the boxA consensus sequence of bacteriophage X (11) . The box4 sequence is known to be required for proper antitermination control of early lytic gene expression in bacteriophage X (11) . Other constitutive mutants that have frameshift mutations in tnaC have been found (24) . In these mutants, it is likely that antitermination is caused by ribosome translation past the natural tnaC stop codon and into the Rho utilization site (12) .
The most striking feature of the regulation of tna operon expression is the role of the tnaC coding region (12, 25) . Replacing its AUG start codon with AUC decreases expression more than 60-fold and prevents tryptophan induction. This start codon mutation is cis acting, a fact suggesting that the synthesis of the leader peptide is necessary for transcription antitermination at the adjacent Rho termination site(s). The cis action of translation of a leader peptide coding region is used for proper transcription attenuation control in several biosynthetic operons, such as the tip operon of enteric bacteria (29) . Replacing the single tryptophan codon at position 12 of tnaC with either a UGA or UAG stop codon or a CGG arginine codon abolishes tryptophan induction (12) . Changing the adjacent phenylalanine codon at position 13 to a tryptophan codon in a coding region containing an arginine at position 12 (giving an Arg-12-Trp-13 configuration) does not restore induction (12) . Furthermore, analyses with various suppressor tRNAs and stop codons at position 12 demonstrate that only when codon 12 is translated by tRNATrP is there proper tryptophanmediated transcription antitermination (12) . These studies demonstrate that induction is dependent on tRNATrP translation of codon 12 of the leader peptide coding region.
Induction experiments performed with strains bearing multicopy plasmids containing the tna operon result in only 2-to 3-fold induction, compared with the nearly 100-fold induction observed with the wild-type strain containing a single chromosomal tna operon. In this report, we analyze this inhibition. We show that it is translation of tnaC on a multicopy plasmid that interferes with normal induction of the chromosomal tna operon. We also demonstrate that the translation of Trp codon 12 of tnaC is required for this inhibition. (12, 24, 25) . These homologous fragments, each containing the tna promoter through the first 21 codons of tnaA, were ligated into BamHI-digested pBR322 (4) . The specific nucleotide differences between these homologous fragments are indicated in Fig. 1 . The orientation in all the pKG69 plasmids was such that transcription from the tna promoter proceeded in the same direction as transcription from the tet promoter within the host vector. Plasmid pKG57 was designed to test the hypothesis that the overproduction of tRNATrP can overcome the inhibitory effect of pKG69-00. pKG5i was constructed by first inserting the 264-bp EcoRI fragment containing trpT+ (the structural gene for tRNATIP) from pMY231 (31) into the EcoRI site of pBluescript SK+. A 710-bp PvuII fragment from the resulting recombinant plasmid (pKG54) was then ligated into ScaI-digested pACYC184 (7) . (26) . The assay procedure was adapted from that of Stewart and Yanofsky (24) . Cells were grown in 30 ml of medium in a 250-ml Erlenmeyer flask at 37°C with vigorous shaking and harvested in the mid-log phase (optical density at 600 nm, 0.4 to 0.8 (Fig. 2) , or with control plasmid pBR322 (parental vector of pKG69-00) to yield strains KG3200 and KG301, respectively. Plasmidcontaining cultures were grown in the presence or absence of tryptophan, and Tnase and P-Gal activities were determined (Table 2 ). These enzymes are specified by chromosomal copies of the tnaAB operon (tnachr) and an operon containing a tnaA'-'lacZ translational fusion (tnaA'-'lacZchr) driven by a second copy of the tna regulatory region. Cultures either without a plasmid or with the control plasmid (pBR322) showed normal induction (Table 2) (24). However, strain KG3200 containing plasmid pKG69-00 showed a significant reduction (about 70%) in the induction of chromosomal expression of both tnachr and tnaA'-'lacZchr ( BamHI fragment containing the CAP site, tna promoter (tnap), leader peptide coding region (tnaC), and first 21 codons of tnaA (tnaA') was inserted into the tet gene of plasmid pBR322 to yield pKG69. The 319-nucleotide transcribed leader region is indicated (tnaL). the chromosomal operon configuration or the enzyme assayed. Basal-level expression was unaffected by pKG69-00. Inhibition occurred immediately upon the addition of tryptophan and was unaffected by cell density (Fig. 3) .
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Effect of different promoters and gene fusions on inhibition competence. The experiments described above demonstrated that Tnase activity was severely inhibited in cells harboring multiple copies of a plasmid containing the tna leader region. For determination of whether the inhibited event was transcription initiation, experiments in which the promoter of the chromosomal tnaA'-'lacZchr operon was replaced were performed. Strains KG200, KG201, and KG2200 carry a tnaA'-'lacZchr fusion integrated in the chromosome and driven by the tet promoter instead of the tna promoter. The tet promoter is constitutive and does not contain a characteristic CAP site for cyclic AMP-CAP regulation (21) . When chromosomal ,3-Gal expression from the tet promoter was measured in cells without a plasmid (KG200) or in cells with a control plasmid lacking the tna leader region (KG201), the induction ratio was identical to that observed for Tnase specified by the chromosomal tna operon ( Table 2 ). The basal and induced ,B-Gal levels in strains with this tet promoter tnaA'-'lacZchr fusion were approximately 30-fold lower than those in strains containing the tna promoter. This difference is in agreement with the known "strengths" of these promoters (21) . The Tnase activities in these strains were virtually identical to those measured in KG300. Inhibition of chromosomal tetp tnaA'-'lacZ expression by plasmid pKG69-00 in strain KG2200 resulted in nearly fourfold lower levels of 13-Gal in this strain than in control strains. These results demonstrate that the observed inhibition by the tnaC-bearing multicopy plasmid is independent of the promoter that directs the expression of the tnaA'-'lacZchr fusion. In addition, since these promoters have different strengths (ca. 25-fold), the observed inhibition is independent of the strength of the chromosomal promoter directing tna expression. For Plasmid inhibition of tnaA'-'lacZ induction. Strain KG300 (AtnaC' tnaA'-'lacZ) containing either pBR322 or pKG69-00 (pBR322 tnaC+ tnaA') was grown, and an inducer was added. Samples were removed at various times and assayed for 3-Gal activity. The arrow marks the time of addition of tryptophan (100 ,ug/ml) to cells harboring pBR322 (-) or pKG69-00 (-). Cultures grown in the absence of tryptophan contained pBR322 ([1) or pKG69-00 (0). OD6w, optical density at 600 nm. codon 18 of tnaCchr ( Fig. 1 ) and was previously shown to result in constitutive expression of the tnaA'-'lacZchr fusion (12) . Inhibition of chromosomal P-Gal production in strain KG151 with the inhibiting plasmid and in strain KG150 with the control plasmid occurred as in strains KG301 and KG3200 (Tables 2 and 3 ). Likewise, inhibition of Tnase activity by the inhibiting plasmid in both KG251 and KG351 was the same as seen in KG151, KG3200, and KG2200 (Tables 2 and 3 ); all of these strains carry the wild-type chromosomal tna operon. 1-Gal expression in control strains from the tnaC'-'lacZchr fusion (KG250) or from the tnaC261 tnaA'-'lacZchr fusion (KG350) was constitutive, in agreement with previous reports (12, 24) . However, inhibition of 1-Gal production did not occur in these strains when the inhibiting plasmid was present (KG251 and KG351) ( Table  3) . Therefore, these data support the conclusion that inhibition is not due to an effect on transcription initiation (tnaC'-'lacZ fusion data) or tnaA translation initiation (tnaC261 tnaA'-'lacZ fusion data). Rather, inhibition must be due to interference with proper regulation of the chromosomal tna operon.
Inhibition is not due to reduced activity of tnaB-dependent tryptophan transport. The tnaB gene encodes a low-affinity, high-capacity tryptophan permease (30) . aroP and mtr also encode permeases capable of transporting tryptophan (8, 13, 20) . To demonstrate that the inhibition of tna induction is not due to the reduced activity of tryptophan transport, we transformed the tnaB strain CY15202 (30) with the control plasmid, pBR322, to yield strain KG450, or with the inhibiting plasmid, pKG69-00, to yield strain KG451 and examined expression (Table 4) . Full induction of the tna operon of tnaB+ strains occurs with 100 ,ug of tryptophan or 10 ,ug of 1-methyltryptophan (1-MT) per ml (30) . When tnaB strain KG450 harboring control plasmid pBR322 was induced with tryptophan, only modest induction was observed, in agreement with previous reports (30) . When this tnaB strain was induced with 1-MT, full induction was observed. However, when tnaB strain KG451 harboring inhibiting plasmid pKG69-00 was induced with 1-MT, full induction was not observed (Table 4) ; inhibition was comparable to that seen in tnaB+ strains carrying the inhibiting plasmid (Tables 2 and  3 ). These results demonstrate that there is no requirement for the presence of a functional TnaB tryptophan permease for the inhibition of chromosomal tnaA'-'lacZ expression by the tnaC-containing plasmid.
Inhibition capability of various tnaCp, alleles. Although the above-described experiments suggested that the presence of multiple copies of the tna operon leader region was responsible for the inhibition of tryptophan-induced transcription antitermination, the mediator of the inhibition was unclear.
For determination of whether inhibition by the multicopy plasmid containing the tna operon leader region was due to a particular DNA segment, the segment's transcript, the coupled translation of the segment, or the leader peptide itself, we introduced various tnaC alleles onto multicopy plasmid pBR322 and examined the ability of the resulting plasmids to inhibit chromosomal tnaA'-'lacZ induction (Table 5). When the introduced plasmid contained a mutation replacing the start codon of tnaC I with AUC (strain KG3262), the plasmid no longer inhibited the induction of chromosomal tnaA'-'lacZ. This result suggested that either synthesis of the leader peptide or the TnaC peptide itself was responsible for the inhibition of chromosomal tnaA'-'lacZ expression. One of the previously characterized constitutive mutants, tnaC259 (24) , has a single base change in codon 23 of tnaC (Fig. 1) . This change is in a nonameric sequence homologous to boxA of phage X. The boxA sequence is presumably a site recognized by a NusB-S10 heterodimer (9, 15) and is required for proper antitermination control of early lytic gene expression (11) . This mutation reduces homology to the consensus boxA sequence, changes the sequence of TnaC, and results in constitutive expression. With tnaC259 on a multicopy plasmid in strain KG3259, the induction of chromosomal tnaA'-'lacZ expression was reduced comparably to that observed with a plasmid containing wild-type tnaC (KG3200) ( Table 5 ). Since inhibition still occurred, it is not likely that the tna boxA sequence of the multicopy plasmid was responsible for the observed inhibition.
It was shown previously that mutations in tnaCchr are strictly cis acting and that wild-type TnaC produced in trans cannot overcome these defects (25) . However, it is conceivable that the high level of TnaC peptide presumably produced by the multicopy pKG69 plasmids inhibits chromosomal tna induction. To explore this possibility, we examined two different multicopy plasmids carrying frameshift mutations in tnaC, tnaC278p1 and tnaC261p, (Fig. 1) , for their ability to inhibit chromosomal tnaA'-'lacZ expression. In the plasmid carrying the tnaC278 frameshift allele (strain KG3278), the nucleotides of codon 12 of tnaC are read in a different reading frame and translation presumably terminates at a new in-phase stop codon, codon 16. Introducing this allele onto a multicopy plasmid did not lead to the inhibition of chromosomal tnaA'-'lacZ expression ( Table 5 ). The tnaC261 mutation introduces a frameshift in tnaC codon 16. This mutation presumably allows translation to proceed in the + 1 reading phase to a new in-phase stop codon, 25 codons past the normal UGA stop codon, thereby doubling the size of the translated peptide. A plasmid carrying the tnaC261 allele was fully capable of inhibiting chromosomal tnaA'-'lacZ expression when present in strain KG3261 (Table 5). These data suggest that translation past Trp codon 12 of the leader peptide, in the natural reading frame, and not the TnaC peptide itself, is required for plasmid inhibition of the induction of the chromosomal tna operon.
Role of tRNATrP in inhibition. Translation of codon 12 (Trp) of tnaC by tRNATrP is believed to be essential for tryptophan-induced transcription antitermination (12) . We examined the role of codon 12 and of tRNATrP in the inhibition conferred by the multicopy tnaC plasmid in strain KG3265, which carries a plasmid in which Trp codon 12 is replaced by Arg codon CGG (tnaC265) (Fig. 1) . Inhibition was abolished by this change (Table 5 ). In a plasmid construct in which this Arg codon was present at codon 12 and a Trp codon was present at codon 13 (tnaC266), inhibition of chromosomal tna expression also was abolished. Further- (24) and that translation of Trp codon 12 of tnaC is essential for induction (25) .
The experiments described in this report address the question of whether there are cell components that are limiting for tryptophan-mediated induction of the tna operon. A key observation that bears directly on this question is the finding that multicopy plasmids containing tnaC inhibited chromosomal tna operon induction. This inhibition also was observed for a chromosomal tnaA'-'lacZ operon fusion and when the wild-type promoter in the chromosomal fusion was replaced by the tet promoter (Table 2) . Thus, plasmid inhibition is independent of the promoter directing the expression of the chromosomal tna operon.
Plasmid-mediated inhibition appears to act through interference with proper transcription antitermination during transcription of the chromosomal tna operon. This conclusion is supported by the finding that plasmid inhibition does not affect either tnaA translation initiation (KG351 ; Table 3) or tna transcription initiation (KG251; Table 3 ). Furthermore, inhibition occurs almost immediately upon the addition of tryptophan (Fig. 3) , a result indicating that timedependent synthesis of an additional cellular factor is not necessary for this effect.
Analysis of the nature of this plasmid inhibition led to several conclusions. First, since plasmids containing a start codon mutation in the tnaC leader peptide coding region (tnaC262) did not inhibit expression (Table 5) , the synthesis of TnaC appeared to be essential for inhibition. Second, plasmids containing a frameshift mutation before Trp codon 12 (tnaC278) or containing the Trp-12--+Arg mutation (tnaC265) did not inhibit tnaA'-'lacZ expression (Table 5) (Table 5) . Furthermore, replacement of Phe codon 13 with Trp to yield the Trp-12-Trp-13 configuration (tnaC267) reduced inhibition significantly. In this regard, it is noteworthy that the 6 contiguous codons surrounding Trp codon 12 are conserved, while the others have diverged, when the 24-residue tnaC coding region of E. coli is compared with the 34-residue tnaC coding region of Proteus vulganis (14) .
The above-described results not only establish that the codon context of tnaC is essential for inhibition but also reduce the possibility that inhibition is due simply to depletion of normal charged tRNATrP. Translation of codon Trp-13 of tnaC266 presumably requires the same amount of charged tRNATrP as translation of codon Trp-12 of tnaC+, and translation of the Trp-12-Trp-13 codons of tnaC267 presumably requires twice the amount of charged tRNATrP.
However, neither of these alleles, when carried on a multicopy plasmid, inhibit chromosomal tna expression as well as wild-type tnaC. Additionally, cultures containing extra tRNAT'rP, supplied by additional copies of the trpT+ gene, are fully inhibited by plasmid-borne tnaC (data not shown).
The findings described above indicate that the mechanism of inhibition of induction involves depletion of some cellular component that is necessary for transcription antitermination-mediated induction of the chromosomal tna operon. NusA is an E. coli protein known to be involved in the proper regulation of N gene-mediated antitermination (9) . However, when NusA was overexpressed from a nusAcontaining plasmid (pPLT15), inhibition by plasmid pKG69-00 was not overcome (data not shown). Previous mutational analyses demonstrated that the 9-nucleotide boxA-like sequence at the end of tnaCchr (24) and tRNATrP translation of tnaCchr codon 12 (12) are required for proper regulation of the tna operon. Here we show that although Trp codon 12 is necessary for tnaC plasmid inhibition, an intact boxA-like sequence is not. Thus, in the tnaC259 allele (Fig. 1) , homology to boxA is reduced, yet a plasmid with this change inhibited induction normally (Table 5 ). This INHIBITION OF E. COLI tna OPERON EXPRESSION 3387 result suggests that while inhibition is most likely due to titration of some factor necessary for tna induction, it is not due to titration of a factor that specifically acts at boxA.
Tryptophanyl-tRNA is modified by the miaA gene product, and induction of tna operon expression in a miaA mutant was previously shown to be defective (12) . Since the translation of tnaC Trp codon 12 in its particular context appears to be critical for the inhibition of chromosomal tna expression, we suggest that the limiting trans-acting component responsible for inhibition acts in conjunction with translation of codon 12 and therefore may be an altered form of tRNATrP.
